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Abstract

A technique is presented for modeling the
open-loop mechanisms or systems, whers perf
by success or failure as a function of the selected target for
movement along 8 constrained trajectory snd without corresctive
feeddack. A modification of signsl detection theory is used,
vhich normalizes diseimiler dets end indicates two fndependenc
patemetars of performance: (1) “discrioinabilicy” and (2)
"optimality” of the JSistribution of salected moves. An {llustrs-
tive application is made to experimencal data.
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The control of mechanises for performing complex sequential tasks
such as ials p tng, sseembly and inspection of sanufactured
parte, aerospsce vehicles and other complex processss can often be
charicterized as & suitilevel process, se indiceted in Pig. 1. A the
lovest lavel (the taner lovp ) posstich and fores varisdles of the
sechanisn may ba measured rontinuowely or at frequent intervale in time
or spsce (s), then opersted upon to drive the mechanies (a') ineo
continuous conformation with & refsrence input (t). The controller et

this level is typically 4 passive slectronic or mechanical filter of &
cowputer-bassd servocontzoller,
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Introdugeton

At an intermediste level (middle loop) a etored program computer is
typically ussd to measure position or force varisbles (b) of satemal
objscts with raspect to the mechmisn. For example these say be *sctile
sensors or simple optical ranging or pattern recognition devices, These
dacs sre sampled at less frequent intervals than thoss st (a), and serve
togsther with commands from the humsn supervisor (c’), as inputs to &

computer program which generates a changing refersncs input to the lower
Lloop ).

At the highest lsvel (outer loop) the human supervisor observes with
his own syss diractly, or indirectly through aiding instruments euch as
television, tha relation of various objects in the environsent (c),
including the mechanise, to each other. He acts upon this iaformatiom,
plus his spriori goals or criteria, to commend or continuslly reprogram
the computer controllisr., The man's observations (c) snd comsends to the
computer (c’) are st less frequent incetvals than the computer's messute~
nents (b ) and reference input chanpes (b'). vhich in tum sre st less

fraquent intervals than the feedback (s) intervel to the mechmnise and
the firse level control aigaal (a').

A different probles in the enginesting such sschanises or san-sschine
systens 18 to evalusta performance, especially with regard to the
iaportancs of feedback at varic.s levels a8 ¢ function of sempling
trequency, In effect, & cowromiss must be fownd which most appropristely
trades arrors egainst sampling frequency of various lovps, and peraice
modeling s variaty of aystems with tev psramatsrs in standerdized form.
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An approach 1s suggested which closely resemblas the theory of
detacting signals ia notee (Creen and Swets, 2966). Cohen and Verrell
{1969) applied signal detection theory to binary predictive Judgeneat
of succees or failure in motor skill casks. Hare we ®odify the theory
to allow for multi or continuous lavel explicit response decleion which
results in success orv fatlure on each wcve, md wve suggest other changes
to make a theory designed for modaling senscty processss suitable for
wdsling wotor processes,

Typically & complete task is specified either as & continuous tra~
Jectory or as » Sequence of desirsd discrete states to be achieved, with
constraining conditions as functions of position, time and energy. In
®eny cases it is conveniant to characterize performance st any pofit in
time by vhether 1t 1s within s tolerance range (vhich mey be a changing
function of position time or Snecgy varisdles) or whether it is outside
this range. Pig. 2 shows schemetically tvo caske, one defined continuouely,
tha other defined as a Sequence of discrete events, both with changing
tolerances. “Within" thie Fange ueans that no significent penaltiss sre
lacurred and vith relative asse ic can de brought under contrul once
the loop is closed. “Ou:side" this Fange mseme that the penaity s
significant and that bringtag the system wnder control aeans revarting
to an abort made, a change in noresl pPlam, 3 return to an earlier pert
of th- <ence, atc. For exmmple a uantipulator sight sccidentally drop
an ob. . ¢t was carcying, or confront an unexpectad obstacle to its
planed path, or find iteelf in o kinenatic singularity or "gimbal lock",
A vehicle aight run off the rosd or collide with an obstacle., Thus the
sharp nonlinearity in penalty as a function of measured pecformance
variables 1s charscteristic or various veal taesks.

Ne are concermed thers vith how far along the siven continuous path
OF Sequence of discrece ctages of the task the mschamten goas in open
loop fashion, 1.e., before tha ailference betwesn sctual and dasirad
tates is nessured and corrective efforte are imposed. We will assune
that the ilonger the opea 100p move the 8vesater the risk of failure, a
monotonic relaticon, We wish to develop both a dewcriptive model {the
statisticel description of sapicical moves, both the extent of the moves
and vhether they succeeded or fatled) and & normative mode} (s specifi=
cation of vhen the feadback loop should be closed to wininise expscted
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Lot x be the target (sxtent requested) for an open loop move st soss
given point (s,5, oc ¢) Sn the system of FSg. 1. 1f st & , b ore that
move is observed to be (or have been during the move) outside the
tolerable rangs, ve call it & failure, £. Otherwise it $5 & success, a.

We shall make s plot of the probabilicy density of selscting x, p(x) and
the joint probsbility demeity of selecting x gnd ocbserving y to be s failure
"’.‘:;mlm ostated adove imply that oxpetrimental plots of these
quantitiss will be approximstely of the forw shown in Fig. 3; the recio p(x,f)
© ol dncresses with x, since the greatsr x the more the cumuletive riek.
The joint probsbility demsity of selecting x mnd sucosacing s obviowely
the difference betwsen the tvo densities,

plx,8) » p(x)=p(x,t), {1)

re
By Bsyss' theorea the contingsnt probabilitioe of x given f or s &

pixit) © 'm ) l' pix,f)dx
o

pixnie) = '-‘f‘?-, Y ° e o(xoerdn

)

(3)

We define cumulative prodability fumctione, 1.s., the probability of a
selaction less than or equal to x,

Pix|f) » [; plxif)ex )

#ixle) » I: pixlgax ()
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1f a croes plot is made of P(x|f) and P(x|s) as in Pig. 4, a rough
equivalent of the recaiver operating characteristic (ROC) of eignal
detection theory results. Though actually it is a distribution of motor
responses, we shall call our curve an ROC. This croseplot serves to
normalize snd etandardize the open loop performancs characteristic so that
tvo independent parameoters of performance are readily aspparent. Values
of x are scaled monotonically along the croesplot curve.

The firet parameter of interveet is a aeasure of "relative discrie-
mination” between success and failure for the particular distribution
of x values selected. It is the tendency of the experimental cutve towsrd
that ROC "curve” which intersects the upper left hand cowmer. At thie
poiat P(x|s) = 1 and P(x{f) » O; therefors it e s point of psrfect
discrimination, wvhare lesaser values of x promise the fullset poseible
success with no risk of faflure, ad greater valuss of x cen only be
failures. In practice this eituation 1s eeldom Lf ever present, since
selecting the greatest x which can be successful usually sesans a signi~
ficant probability of failure. This s charscterized by sn intermediate
curve 1 or 2. Diagonal line 0 1s vhere at cach x in the distrihution
P(xle) = P(xIf). A curve below the diagomal iaplies a situation whers one
must experience much failure st sasller valuas of x to finally attain
soms successes st greater valuse. This is contrary to our monotonically
increasing risk assusotion and thus is a situation we sssume to be
irrelevant for the presetit.

The second parameter of interest is the central tendency of p(x)
relative to the optimal x. The optimal x is calculated from knowledge
of tha tendency to failure as a function of x (as escimated from the
experimental data), plus the given rewards R(x) for moving as far as x
successfully and the given cest C(x) for failure. Thus che expected

value of retumn E®R) over a distributim of moves is

E(&x)) « I:r(x.l)k(x)dx - rp(x.l)"(x)dx (6)
0

However, 1f it were possible to select consistently a single value of x,
or« -ould maximize expected value of return by choosing

Xopt " max(®(x)] = max [p7elx) R(x) - p(f{x)C(x)] n
x x
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The tendency toward the uppar left hand comer .8 the degree of
non-overlsp of the pix{s) md p(x|f) distributions. With s given monotonic
propansity to fail as & function of x, the percentags overlep of the two
distributions can be reduced by sslscting over a largsr range of x valuess,
insuring success st emall x and failure st large x. During lsatning,
such a seleation over s lsrge rauge of x 18 & good strategy to estrblish
experinentally the dependence of p(xie) and p(xz{f) on x. At later scages
presunably the husan or computer decision maker sttampte to narrov the

ranga of x an a regiom of nsar optisal peyoff. Necessarily over sy
narrov rangs of % p(xjs) and p(x|f) dtscributions will casse to be displaced

relative to sach other o the x axis and the ROC curve will approach the disgonal.

Thers srte various maans of scaling the tendency to the upper seft
hand cormmer. GCne method used in signal datection theory is to estimste
from the deta the distengs d' betusen mesns of distributions p(x|e)
and p(x|f) divided by the mean standard devistion. For two Ceussian
distributions of equal variance thie procedure results ir curves for
d' e 1 and d' = 2 a8 indicated in Pig. 4.

Since the slope o: tha ROC curve

L I

and thus for any given x in s distribution

aﬂ%.u%aum @

Prom this one might sssert that $f a single valus of = were chosen
consistently the return would mn:d.-uoa

R (x) & (slops of ROC)p(s)R(x) - p(f)C(x), (10)
% 0y 089 be foumd by trial md error by uss of equation 10. Msasures of
the central tendenay of x are the aversge x or, sltsmatively, the sedisn
%, The differsnce betwsen L md x e’ 1f the data werrant s unique
specification of ths latter, can then be specified. When operating over
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a nerrow range of x where p(x,s) and p(x,f) are constent and the ROC has
unity elope, (10) reduces to the condition for x‘m that
@®(x) = [constant)R(x) - {constant)C(x) Q1)

and the choice of x depends only on the relstive sagnitude and nonlinearity
of R and C. The diffecrence batwaen Xned and x e is a measurs of
conservatisa (‘ud < x»t) or risk ("md > ’opt) independent of the degres
of discriminaoility.

Example of Application to Experimental Data

In order to illustrate the method, data vere taken from tvo human
subjects performing & simple open loop manipulstion task which corresponds
to the first task of Pig. 2, but with fixed tolerance. FPor convenience
the '"mechanisa” employed was s human arm and hand holding & simple pen.

In this task & subject cdeerved the task, thea with eyes closed soved the
pen from & starting point toward the right, trying to keep the pen within
tvo 1ines spaced 0.2 inches apart. The payoff or return fumction (A)
vas

R (x -(3) » % in inches (13)

1f success if fail

The subjects were explained the retum function and inetructed to aggregate
the greatast score poseible. Each subject had 41 "learning” crials, then
164 "test"” trials. O all triale he could observe what hsppened on the
last trial befors going am to the next. The temporal pace was self-
datersined.

Experimental dats for the teet trials are plotted in the fomm of
histograme, for movenent x fn 0.2 fnch {ncrements, in Pig. 5. Note the
big diffevence between eubjects, sudbject GPF being conservative wich small
x aud small p(f). Se ject P8 riske large x and lerge p(f).

Fig. 6 shows the ROC curves approximated from the test dats of Pig.
5. Pig. 7 shows the ROC curve drawn for the learning trials of one
subject derived by an slternstive scheme, namely the point dy point plot
of sequential values of x. Notice that es predicted the tendency to
gonerate discriminability (d’) 1is greater for the lesming criale than
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for the test triale. This 1s bevsuse both sdeolute range and verishilicy
were greater than fec the taet trials. Noties especially that both
subjects’ dsts vesult finally in approximstely the sams ROC curves

(Fig. 6) even though the rew histogrems wers Quite different. Finally
notice that the median respanses of both subjects, 1ie in & region of the
ROC where R(x) and slope sulciply to keep R(x) relative.y comstant. Thie
lack of & sharply defined optimum characterizes many tasks.

Songlusionp

In designing and controling sechanisas for multidegres of freedom
tasks it is important to evaluste perforemce of open loop soves, 1f
esch of & set of responsss, latended for opev loop movement of extent x,
can be characterised by observetion in’o binary parformence categories of
success and fatlure, md if s given return function epscifies rewards for
sucosseful move to x and cost for failure &t or before x, and if proda-
bility of failure increesses monotonically with x, then s psrformancs
sodsl analogous to the receiver operating characteristic /ROC) of eignal
detection theory is useful,

A crose plot of cumulative probadilities of x, given success, md of
%, given failure, revesls two independsnt performsnce parametars, The
fivet pavamster is the "relative discriminsbilicy” of the eet of moves,
the degres to which moves of extent less than some valus are sutely
succssses and moVes greater than some velus sre surely failutes. This
indax is incresased as the range of x of the sst of moves incresses, and
1t is decreased by rendom “noise" or woonttollsbility in the sechaniss.

The second parsseter is the central tendemcy of selecting or
targating x, reletive to the optimal, as determined f(rom the given
return function and the espirically demanstrated probabilities of success
and failure a8 & function of x. It 1s directly a weanure of risk va
conservatien in sslecting or tergsting moves.

An spplication to data for open 100p etwm wovements by two human
subjscte fllustretes hov rather dissimilar distridbutions yield similar
ROC plots. However, the dats did not provids sufficiently sharp definition
of the "optimal” move dietance to assert that the central tendencies teaded
towvard risk or conservatism,

Purther development of the analysis and ite application are in order.
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Typical plots of p(x), p(x,e), p(x,f). The left hand plots represent & case of
telatively bigh discrimiasbilicy. The right hand plots rspresent s case of low
diecriaingdility, as might occur after e contvol eystem ssttled down in an
opsrating ramge near the ssdim of p(x) of the left hand distribution.
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Figuce 6.
RNC cype crossplots of the test data of Pig.5. Median values are indicated
for each subject separately. In each case the use of equation 10 proves
the "optimal” to be a relstively broad regiom, not specifi{sble from
empirical dats as a point, but somewhere near the mediasns of the distributions.
Numbers above line indicste inch ecale for GF, numbers below lins for P8,
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Pigure 7.
fOC type crossplot of the learning trials of subject OF, illustrating
the method of plotting vhere euch sucesssive s respanse 1s trested as
s data point, Notice the relativély larger ¢' (higher discriminebtlicy)
hers than in Pig. 6. Scale slong WC curve e inches.



